Recent developments in highly parallel genome-wide studies are transforming the association of human health and diseases. In these studies, multiple SNP loci from large amount of samples need to be investigated to obtain a result with a high degree of confidence. Herein, we describe a novel, cost-effective and automated method for high-throughput single nucleotide polymorphisms (SNPs) genotyping based on universal tagged array and magnetic separation. By using two kinds of functionalized magnetic nanoparticles, the whole operation procedure including genome DNA extraction and SNP genotyping can be automatically performed by JANUS automated workstation (Perkin Elmer Inc.). Four different SNPs loci from 80 samples were scored using only one pair of universal dual-color probes, the phase of numerous SNPs can be automated assessed simultaneously. The results demonstrated that the expected scores and good discrimination were obtained between the two alleles from these four SNP loci. Due to adequately taking the advantages of high parallel read-out and intrinsically scalable properties of microarray, and the automated magnetic separation handling technology is highly adaptable fro multiplexing sample preparation and automated SNP analysis, also avoid the complex procedure including purification and concentration, the new strategy is high-throughput, simple, flexible, cost-effective, and will be very suitable for large-scale genotyping.
INTRODUCTION
The analysis of the variation among individual genomes is currently an area of intense investigation. One of the most common forms of genomic variation is single nucleotide polymorphisms (SNPs). SNPs promise great medical utility, since they give rise to individual gene variants that can alter susceptibility to common diseases and predict disease progression as well as individual responses to drugs. Currently, clinical investigators have begun analyzing SNP alleles in population-based studies to identify loci that are statistically associated with a particular disease or phenotype. In these clinical studies, the number of samples available for analysis is important for data reliability. According to the reported research, [1] [2] [3] over 1000 samples are required to detect a susceptibility allele with a high degree of confidence in a disease-associated study. Furthermore, as the cause of diseases and phenotype are complex, to only analyze limited number of loci across the human genome in thousands of individuals is not enough. [4] [5] [6] [7] Consequently, to analyse multiplex SNP loci in a large number of samples, a robust, cheap, high-throughput method is especially suitable for automated identification is needed.
To meet this need, a large number of methods have been applied for detecting SNPs, the most commonly original SNP genotyping methods involve DNA sequencing, 8 single strand conformation polymorphism (SSCP), 9 restriction fragment length polymorphisms (RFLPs) 10 and the methods based on mass spectrometry. [11] [12] RFLP is a low throughput, time-consuming and labor-intensive method, relatively. Moreover, even DNA sequencing methods have been fully developed during the past few years, [13] [14] and the cost of human genome sequencing keep decreasing, direct DNA sequencing technologies are not capable of detecting simultaneously multiple SNP loci from large amount of samples. All these techniques require multiple steps, and are less well suited to high-throughput applications and automation. Fluorescence resonance energy transfer (FRET) is one of the most promising tools for multiplex SNP genotyping and has provided novel and unique detection systems, 15 such as TaqMan assay, 16 molecular beacons, [17] [18] invader assay 19 and allele-specific PCR with universal energy-transfer-labeled primer. 20 These techniques are powerful for screening SNPs, and are therefore used in many fields, but the cost of analysis is relatively high because FRET-based methods usually require large amounts of fluorescently labeled probes. The other approaches which can do multiplexing analysis, such as pyrosequencing 21 and single base extension, [22] [23] are also limited in dealing with numerous samples because of quite expensive sequencing enzyme and labeled dideoxyribonucleotide triphosphate. On the other hand, hybridization was also one of the most important techniques for SNP detection, especially the method based on microarray platform is generally a promising tool for high-throughput applications. The feasibility of the technique is often addressed by selecting randomly a number of SNPs associated with disease genes to demonstrate a wide application range. However, to obtain the genotyping results with high signal to noise ratio on the array, the amplicon always need to be purified to remove nucleotides, enzymes, primers, etc., and made these methods laborious and time-consuming. Nanomaterials are excellent molecular carriers due to their high surface-to-volume ratio and ultrasmall size. In recent years, magnetic nanoparticles have attracted a great deal of interest in various fields of advanced biological and medical applications, such as RNA and DNA purification, immunoassays, cell isolation, and DNA detection. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] Based on using magnetic nanoparticles as target DNA carrier, we have developed couple of genotyping methods previously which avoid any complex procedure including purification and concentration, [43] [44] however, it still requires two types of labeled probes for each SNP locus, it increase the cost on the reagents when doing multiplexing analysis.
In this work, we present a technology that does not compromise on accuracy, low-price and high-throughput, which is performed in a microarray format. Our objective was to develop a cheap robust automated method for screening thousands of genomic DNAs in parallel for multiplex molecular markers. The approach developed in this paper was based upon a tagged array method for scoring SNP markers, involving direct binding of un-purified biotinylated PCR products onto SA-MNPs, followed by hybridization with the allele-specific tag probes and dualcolor universal detectors at an optimal temperature, and finally printing the detectors onto a slide to fabricate microarrays for scanning to determine their types. For taking advantages of microarrays' high parallel read-out and MNP's multiplexing sample preparation, this methods was basically more low-price and robust than those hybridization based approaches, it is particularly useful for highthroughput genotyping of SNPs in individual samples.
MATERIALS AND METHODS

Oligonucleotides
The methylenetetrahydrofolate reductase (MTHFR) gene C677T and A1298C polymorphisms, angiotensinogen (AGT) gene M235 polymorphisms, human mut-L homologue 1 (hMLH1) gene G93A polymorphisms were selected as targets. The sequences of all oligonucleotides including PCR primers, allele-specific tag probes and dualcolor universal detectors used for this experiment were shown in Table I . All oligonucleotides used in this research were synthesized by Shanghai Sangon Biologic Engineering Technology and Service Co. Ltd. (Shanghai, China). Tag sequences were selected from a randomly generated sequence then edited to remove palindromes and hairpins of four or more bases. Both tags were cross-compared against each other to avoid cross-homology.
Preparation of Streptavidin-Immobilized Magnetic Nanoparticles (SA-MNPs)
Magnetic nanoparticles (MNPs) about 100 nm in diameter were prepared according to the previously published method. 45 Amino group coated MNPs (NH 2 -MNPs), the carriers for automated genomic DNA extraction, was prepared by incubated MNPs with 2% 3-aminopropyl triethoxysilane (APTS, Sigma Aldrich) in alcohol solvent solution for 20 min. And then, as the carriers for genotyping reaction, the streptavidin covered MNPs (SA-MNPs) were prepared using glutaraldehyde as a linkage between the amine group on NH 2 -MNPs surface and streptavidin according to the method reported previously. 43 The NH 2 -MNPs and the SA-MNPs were all magnetically washed thrice with PBS buffer (150 mM sodium chloride, 10 mM Na 2 HPO 4 , 10 mM NaH 2 PO 4 , pH 7.4) at room temperature and finally dispersed in PBS buffer with the concentration of 4 mg/mL and stored at 4 C.
Automation Workstation
In this study, a JANUS robotic workstation (Perkin Elmer Inc.) was used for automated DNA extraction and SNP discrimination. Briefly, the system was equipped with a robotic hand, a reagent reservoir, a washing reservoir, Table I . Oligonucleotides used in this study. Bold underlining indicates the test SNPs loci. The wild DNA samples are completely matched with wild tag probe, and then matched with the Cy3 labeled universal detector. DNA from mutant samples are completely matched with mutant tag probe, and then hybridized with the Cy5 labeled universal detector. Biotinylated wild and mutant simulated targets of four loci were used to optimize the hybridization temperature instead of the corresponding biotinylated PCR products, respectively.
Name
Type Sequence 5 -3
Cy5 universal detector CY5-CTCGTAAGCGTGA microplate platforms, two tip storage racks, a heat block, an 8-nozzle dispensing unit, and a magnetic separator. All system is operated by a computer with a Microsoft Windows-based user friendly interface. The robotic hand can transfer the 96-well microplate to different working position in the workstation. The 8-nozzle dispensing unit can move and act in almost all working surfaces of the system, and all the movements and actions are controlled by the computer. The magnetic separator with 24 independent magnets can achieve high-throughput magnetic separation for 96-well plate. Hybridization step can be performed in a heat block that was regulated within a range of 4-65 C. (Table I) in an MJ PTC-220 Cycler (Bio-Rad Laboratories). The fragments containing different SNP loci were amplified with the profile as described previously. [46] [47] [48] 80 g of SA-MNPs were directly placed in each well of the 96-well PCR plate and mixed with the PCR mixture for 15 min so that the biotinylated PCR products can be completely captured on the MNPs by the linkage between the biotin and the streptavidin. The dsDNA-MNPs complexes were magnetically separated and washed twice with PBS buffer. After washing, the dsDNA-MNPs complexes were denatured in 25 L of 0.1 M NaOH solution for 1-2 min, and then magnetically washed twice with PBS buffer. The ssDNA-MNPs complexes were stored in the plate at 4 C until used.
Optimization of Hybridization Temperature
In hybridization-based genotyping method, hybridization temperature is an important factor for accurate discrimination. Based upon the T m values of the allele-specific detection probes, four pairs of mutant and wild simulated biotinylated target oligonucleotides containing SNPs loci (as shown in Table I ) were designed instead of the corresponding biotinylated PCR products to hybridize with the allele-specific tag probes and dual-color universal detectors at different temperature respectively. 80 g MNPs contained 15 pmol wild or mutant simulated target oligonucleotides were hybridized with the allele-specific tag probes and dual-color universal detector at various temperatures. The target hybridization mixture (20 L) contained 6 L hybridization solution (Invitrogen Corporation), 20 pmol allele-specific tag probes and dual-color universal detector, respectively. Then the hybridization was conducted in the automation workstation at various temperatures for 1 h. After hybridization, hybrid-MNPs complexes were separated using the magnetic separator and washed subsequently at the same temperature as that for hybridization with 2 × SSC containing 1 g/L SDS, 0 1 × SSC containing 1 g/L SDS, 5 min for each wash, followed by a second wash in 3 × SSC, then resuspended in 20 L 3 × SSC buffer. The isolated duplex DNA-MNPs samples were denatured by adding 25 L of 0.1 M NaOH to each well and let stand for 1-2 min, and then the denatured probe solutions were printed directly onto a cleaned glass slide to fabricate a microarray. After printing, the microarray was snap-dried for 2 s on a hot plate (100 C), and then scanned with a 4100 A Microarray Analysis System (Axon), which was fitted with filters for Cy3 and Cy5. The images acquired by the scanner were analyzed with software Genepix Pro 6.0. For each fluorescent image, the average pixel intensity within each circle was determined and a local background using mean pixel intensity was computed for each spot. The net signal was determined by subtraction of this local background from the mean average intensity for each spot.
SNP Genotyping
With this method, the robotic workstation was used for SNP discrimination. Biotinylated PCR products were assayed directly from 96-well PCR plates containing SAMNPs by means of the workstation. Firstly, biotinylated PCR products were captured onto the surface of SAMNPs. PCR products (duplex samples) on SA-MNPs were then denatured by adding 25 L of 0.1 M NaOH solution to each well and let stand for 1-2 min. The single-stranded DNA immobilized on SA-MNPs was washed thrice with PBS buffer. Then the MNP-ssDNA complexes were mixed with the allele-specific tag probes and dual-color universal detectors solution containing Cy3 and Cy5 fluorophores, and incubated in the 96-well plate at the optimal hybridization temperature. The post-hybridization and detection procedures were the same with 2.6. To validate the feasibility of the method, two SNPs sites including C677T and A1298C from 8 samples were firstly chosen as targets to discriminate their types in term of the method above. And then apply this method in high-throughput marker analysis. All steps involving fluorochromes avoided exposure to strong direct lighting.
RESULTS
Optimization of Hybridization Temperature
In our study, biotinylated wild and mutant simulated targets of four loci were used to optimize the hybridization temperature. Figures 1(A), (B) show the optimal hybridization temperature obtained for C677T locus. Fluorescent intensities of the denatured probes after hybridization using wild and mutant simulated target oligonucleotides were detected, respectively. The highest signal ratio (match:mismatch) of wild and mutant simulated targets could be obtained when hybridization temperature was performed at 39 C, 37 C respectively. The optimum temperature of using wild simulated target was about 2 C higher than the mutant one, it was because that the melting temperature of 677CC probe is higher than 677TT probe. Based on the above hybridization results, the further assays for hybridization of SNP genotyping were performed at the optimal temperature of 38 C. In the same manner, the optimal hybridization temperature of A1298C, M235T, G93A loci were 37 C, 40 C, 37 C, respectively as shown in Figures 1(C) -(H).
Sample Arraying
In this study we have applied this method to analyze a small number of loci in eight DNA samples. In principle of dual color hybridization, the homozygous wild type samples yield strongly fluorescent Cy3 spots (green), the homozygous mutant type show strongly fluorescent Cy5 spots (red). The heterozygote type samples present the strongly "yellow" fluorescence. The new method was examined firstly with the C677T and A1298C SNPs of the MTHFR gene. For C677T polymorphism, the fluorescent signals are shown in Figure 2 (A), and the three genotypes gave clearly different profiles. The fluorescence signals of these samples were quantified ( Fig. 2(B) ). Six sample (1-3, 5, 7, and 8) showing strongly fluorescing Cy3 spots (green in Fig. 2(A) The results indicated that DNA from the six samples only completely matched with allele-specific wild tag probe, and then hybridized with the Cy3 labeled universal detector. Therefore, they showed homozygous wild types (677CC). One interesting sample displayed a 'red' fluorescence (sample 4) and its fluorescence score for Cy5 was 9784.65. However, this sample yielded very low Cy3 and near background signal. Its Cy3 fluorescence score was 854.01 and the Cy3/Cy5 ratio was 0.087. The results indicated that DNA from this sample only completely matched with allele-specific mutant tag probe, and then hybridized with the Cy5 labeled universal detector. Therefore, it showed homozygous mutant (677TT). The heterozygote sample (677CT) 6 yielded both fluorescing Cy3 and Cy5 spots (Figs. 2(A) and (B) ), for which a strongly 'yellow' fluorescence is shown in Figure 4 (C) after overlapping. The same samples for A1298C locus gave clearly different profiles as shown in Figure 2 (C), and their relative fluorescent intensities were quantified as shown in Figure 2(D) . The five samples (1, 2, 3, 4 and 8) yielded green spots, indicated that they were homozygous wild types (1298AA). The other three samples (5, 6, and 7) yielding yellow spots displayed heterozygote type.
Automated High-Throughput SNP Detection Based on Magnetic Separation and Tagged Arrays
The heat block in the automation workstation can be regulated within a range of 4-65 C. Therefore, the thermal denaturation procedure by incubating samples at 95 C for 5 min and then keeping samples on ice for 1 min was not adopted here. In this paper, alkaline denaturation by 25 L of 0.1 M NaOH solution was recommended instead of thermal denaturation. The PCR concentration after denaturation by two kinds of ways were compared with each other, and the differences between them were very small so that alkaline denaturation could be successfully used in automated SNP detection, as shown in Figure 3 . In principle, a variety of different fluorescent signals of SNPs loci should be shown for three genotypes. With this method, 80 samples were analyzed for C677T, A1298C, M235T, G93A polymorphisms. The fluorescent signals obtained from four SNP loci were shown in Figures 4(A),  (C), (E), (G) . The assay achieved the expected scores and showed good discrimination between the two alleles for all four loci. The complete array was spotted in four replicates and the fluorescence pattern was highly reproducible between replicates. The samples without PCR product immobilization on SA-MNPs were analyzed as negative controls. The fluorescent intensities of these samples were quantified as clusters to analyze their genotypes (Fig. 4(B) ), and the signal intensities factor I (I = Log(Signal (Cy3 + Cy5))) and genotype factor G (G = Signal ratio (Cy3/(Cy3 + Cy5))) were also calculated. Figures 4(B), (D), (F), (H) , showed genotype factor G plotted against the total fluorescence for the four polymorphisms and showed well-defined clusters corresponding to the three possible genotypes. From these clusters we observed that all the signal intensities factors I were over 3.0, which indicated that the summation of Cy3 and Cy5 signal intensities were over 1000, which was sufficiently above background signals (average background intensity: 85). However, the signal intensities factor I of the negative control was less than 3.0, near background signal. Theoretically speaking, the genotype factor G of mutant, heterozygote and wild samples should be close to 0, 0.5, 1.0, respectively. However, there was some deviation from the expected G values due to the mismatch signal during hybridization. According to our genotyping experience before, the boundaries for clusters were defined as mutant, heterozygote and wild type when G < 0 2, 0 35 < G < 0 65, G > 0 8, respectively. If samples fall outside of these boundaries they would be classified as ambiguous. Figures 4(B) , (D), (F), (H) illustrated the clear difference in ratios between the three clusters and allowed unequivocal genotype assignment for four SNP loci. From left to right on this graph, for homozygous DNA samples we observed that the genotype factor G ranged from 0.05 to 0.17 for the mutant type and from 0.85 to 0.94 for wild type. As G values for homozygous samples should be as close as possible to 0 or 1.0, so the nearer testing G value closed to the expected value, the higher ratio match/mismatch. While, the G value ranged from 0.42 to 0.59 should be classified as heterozygote samples. As expected, the genotypes were clearly discriminated from one another. However, we observed that a few of DNA samples indicated asymmetric fluorophore, the factor that might cause this problem was that the voltage of piezoelectric pipette was unstable when plotting using Nano-plotter (GeSiM mbH, Germany). We also saw that different DNA samples have different fluorescent signal intensities, the concentration of PCR products was probably a source of this result, and this can be minimized by careful control of the DNA extraction conditions and PCR amplification. The above results were further validated by sequencing to verify the results of our method after conventional PCR amplification, and each of the determinations was consistent with the data obtained from sequencing results completely.
DISCUSSION
The most important requisites for any SNP genotyping method should be high-throughput, accuracy, simplicity, robustness and low cost, those approaches meeting these requirements should be most applicable in situations requiring the highest level of accuracy, including diagnostic testing for clinically relevant haplotypes, association-based studies for disease-gene identification and in pharmacogenomic analysis. Many of today's available genotyping technologies only could fulfil one or two of these genotyping criteria at the expense of other factor(s). In resent years, several high-throughput SNP detection methods are available using either the Affymetrix or the Illumina platform, they can genotype thousands of SNPs distributed all over the genome. At the same time, in order to do some genomewide association studies, these methods have emerged as a powerful new approach to identify common disease alleles. These approaches using Affymetrix or the Illumina platform permit comparative genome studies, afford different properties of genomic coverage, [49] [50] however, when identifying multiple individuals for limited SNPs loci, they do not allow the simultaneous identification of these samples for genetic studies in a narrow range of prices, which requires development of some efficient and cost-effective methods for that purpose.
Presently, to achieve high-throughput genotyping, the challenges lie in pairing the right assay chemistry with a right auto-operation system to maximize efficiency with respect to accuracy, speed and cost. Many commercially available platforms have achieved this very successfully. However, these platforms mostly based on RFBE or single base extension strategies, which require very expensive enzyme or fluorescent dye labeled probe and increase the cost for large scale genotyping. We have developed a method for SNP genotyping based on MNPs and dualcolor hybridization before, [43] [44] in which the genotyping efficiency and accuracy were highly improved using MNPs. However, a different pair of fluorescent probes was still necessary when analysis each SNP locus, so the cost will also be very high when dealing with thousands of DNA samples for multiplex SNP loci.
In this work, we present a technology that does not compromise on accuracy and is performed in a microarray format based on tagged arrays and magnetic separation using automation workstation, which is perfectly simple in its reaction set-up and scoring. The set-up involves simple automated DNA extraction, traditional PCR amplification and hybridization, to this end, scoring by microarray scanning to determine their types. In conjunction with MNPs as carriers, most of the procedure can be taken automatedly. Using the new method, we have applied this method to analyze four SNPs loci in 80 individual samples, one run time from "DNA extraction" to "array scanning" control to 4 hours. To reduce the cost, allele-specific tag probes were adopted in this research, with a part as allele-specific probe hybridizing with MNPs-PCR and the other part as universal tags hybridizing with universal fluorescent detectors, respectively. By this way, each SNP locus only need one pair of unlabeled allele-specific tag probes, and one pair of given universal detectors can be applied to all differ markers analysis. The cost of this approach is very competitive, if use this methods to analysis 10 different markers from over 1000 samples, the cost for reagents for per-marker and per-sample will be less than $0.08 dollars, which is only only 10%∼20% of FRBE or SBE based methods. In this way a slide could be used to score anything from different marker in large amounts of samples to thousands of markers, which is much more adaptable and versatile than the strategy based on Affymetrix or Illumina platform. Because the fluorescent universal detectors were denatured and spotted onto an unmodified slide to fabricate microarray, avoiding the fluorescent background of MNPs, and type discriminations could be obtained easily by scanning the microarray with fluorophores. Also, the assay is automated and, by means of the robotic platform for DNA extraction, SNP types presents a real opportunity for the laboratory to expedite experiment processing as well as reduce reagents, and the genotype results will be analyzed in a very simple and rapid way using conventional expression microarray software analysis.
CONCLUSIONS
In conclusion, the combination of highly multiplexed assays with a highly parallel read-out represents a relatively new but already successful paradigm in highthroughput analysis. One of the great promises of this approach is that the ability to carry out genomic analyses flexibly, easily, inexpensively, accurately and rapidly with high sensitivity. In our opinion, this is the particular strength of this approach and we believe that it will be very useful in screening large amounts of markers in thousands of individual samples, which will contribute to large-scale genotyping studies and help to create a new generation of routine diagnostic and prognostic tools.
